The nearly universal practi ce in surface seismic refraction surveying for engineering purposes is to use only data obtained from compression waves , or P-waves , which are always the first arrivals and are thus the most easily detected and i dentifi edo M ost seismi c r efraction surveys used in geotechnical prac'tice are concer ned with i dent i f y i ng depths to various layer boundaries or to the bearock surface . P-wave veloc i ties 20 . ABSTRACT (Continued) such surveys, but are usually of only secondary interest in seismic analyses. Shear wave, or S-wave, velocities, on the other hand, are of primary interest in engineering practice when they are needed for use as input to seismic analyses of structures. The S-wave velocity of the surface layer is frequently measured with a field survey using a layout similar to that of a refraction survey. However, refracted S-wave signals are not normally usedo In principle, S-wave returns obtained by refraction through subsurface strata should be useful for measuring the S-wave velocities of these strata. In practice, however, results are often disappointing .
In this report, the current state of the art in generating and discriminat ing refracted S-waves at the ground surface is described, and some theoretical and practical covsiderations in the propagation and discrimination of refracted S-waves are discussedo Theoretical considerations and experience indicate that horizontally pol~rized shear waves, or Sh-waves, are the best type of signal to use in S-wave refraction surveys. The Sh-wave is easier to distinguish from the P-wave than is the vertically polarized shear wave, or Sv-waveo Also, there is less energy lost through conversion to P-waves at interfaces between layerso Surface traction applied through hammer blows against a plan~ has proved to be a good source of Sh-wave energy.
Phase reversal in the Sh-wave with reversal of the impulse direction in the source may be useful in discriminating Sh-waves. By superimposing and comparing signals obtained with reversed directions of impulse, or with a signal enhancement seismograph and alternating reversal of both source motion and geophone polarity, the Sh-wave can be enhanced while both the P-wave and the noise components are suppressed. Examples are shown of field data obtained by both of these methodso
The studies described show that it is feasible to use refracted S-waves for the investigation of subsurface strata, at least to limited depths and under favorable conditionso The most serious limitation in the present state of the art appears to be that currently available S-wave sources are severely limited in the strength of the S-wave signal that they can apply. This limitation imposes limits on the length of the line over which a signal can be detected and therefore on the effective depth of investigation.
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Cannon, CE. Technical Director was Mr. F. R. Brown. the art lle in all three areas . Such developments can produce economic savings as well as better quality in subsurface exploration by reducing the number of borings needed and by i ncreasing the amount of information that ~an be obtained in areas between borings.
Purpose and Scope 5. The purposes of this report are to evaluate, by means of field tests and review of relevant theoretical and operational aspects of the problem, the feasibility of using refracted shear waves for the investigation of subsurface strata and to suggest promising approaches to the development of improved methods of generating , detecting, and discriminating refracted shear waves .
6. In this report, the current state of the art is briefly described , and some theoretical and practical considerations in the propagation and discrimination of shear waves are discussed. Examples are shown of field data obtained by two methods that make use of the reversibility of phase in horizontally polarized shear waves with reversal of the excitation applied to the source .
PART II: PROPAGATION OF SHEAR WAVES IN A LAYERED EARTH
7. If a dynamic disturbance occurs in the interior of a linearly elastic, isotropic, infinite medium, the disturbance spreads so that every particle of the medium is eventually affected . By Huygen ' s prin- 
11 . In the interior of an infinite elastic medium, two types of waves are propagated. The first is the compression wave, or P-wave , in which the direction of particle motion is parallel to the path of wave propagation . A sequence of P-waves in the medium therefore consists of alternating zones of compression and rarefaction of the material . The velocity of propagation of the P-wave vp is given by : 
is the shear modulus of the material .
'
The velocity of the P-wave is always greater than that of the 8-wave, and the velocity difference leads to a separation of the compression and shear waves in time .
14 . In a layered earth, there are other types of waves generated at free surfaces , such as the ground surface , and at interfaces between layers of materials with different properties . The most important of these is the Rayleigh wave , or R-wave , which normally forms a significant part of the wave train at the ground surface . The particle motion in the Rayleigh wave is elliptical ; that is , the path followed by a particle is an ellipse parallel to the direction of wave advanc e . The motion at the top of the ellipse is opposite to the direction of wave advance and at the bottom is in the same direction as the wave advance .
Tre Rayleigh wave amplitude decays exponentially with distance from the surface (Richart , Hall, and Woods 1970) .
15 . Other types of waves are generated by the interaction of compresslon and shear waves with single or multiple interfaces. These waves are generally of lower velocity than those described above and form later parts of the wave train . They are not important in seismic investigations for engineering purposes and will not be further considered here .
16 . In e xamining the behavior of the shear wave, further attention must be given to the direction of the particle motion within the plane perpendicular to t he direction of the wave advance . It will be assumed that interfaces between layers in the medium are horizontal . The particle displacement in the shear wave can then be resolved into horizontal and vertical components that are respectively parallel and perpendicular to the interfaces, and the two components can be examined separately. The first component (see Figure 3) is called the horizontally polarized shear wave, or Sh-wave, and the second is called the vertically polarized shear wave, or S -wave. v In principle, and sometimes in practice, the velocity of the medium may be anisotropic, a consequence of which would be that the Sv-and 8h-waves would be propagated at different velocities and thus would arrive at a detector at different times. However, for the purposes of the present discussion , it will be assumed that the medium is isotropic with respect to both P-and S-wave velocities .
17. Figure 4 shows an example of the typical wave train that might be detected by a vertically oriented geophone on the ground surface at some distance from the source of a seismic disturbance . The 20. The phenomenon of critical refraction occurs when the angle of incidence is such that the angle of refraction r equals 90 degrees .
Since this condition means that sin r = l , it can be seen from Equation 6 that the critical angle of incidence is given by arc sin
(v 1 /v 2 ) . For angles of incidence larger than the critical angle, near total reflection occurs, and very little energy is transmitted by refraction into the second medium. In general, the angle of critical incidence is different for each combination of incident and refracted wave types.
21 . Systems of equations that can be solved to obtain the relative amplitudes and energi es of various incident, refracted, and reflected wave types are given by Ewing, Jardetsky, and Press (1957) . Figure 6 shows the energy distribution in reflected and refracted waves, as a percent of the energy content of the incident P-wave , for a particular 23. The ray paths of primary interest in a seismic refraction survey over a two-layer system are shown in Figure 9 . The path P 1 P 2 P 1 (which means that the first segment of the travel path 1s in the form of a P-wave in medium 1 , the second a P-wave in medium 2 , and the third a P-wave again in medium 1) represents the path of the first refracted wave to arrive at the receiver. Also shown are the 818281 ' which we would like to be able to identify and use , and the 81P2Pl ' PlP281 ' and SlP2Sl paths . These last three carry no information about the shear wave velocity of the second medium and only make the interpreta- , and s 1 s 2 P 1 • However, in most real cases , we cannot draw ray paths for these rays because they are not critically refracted at the interface . Also present , but not shown in Figure 9 , are the reflected ray paths P 1 P 1 , P 1 s 1 , S 1 P 1 ~ and s 1 s 1 .
24 . The governing equations for wave interaction at interfaces, as given by Ewing , Jardetsky, and Press (1957) , show that, for angles of incidence smaller than the critical, the waves generated by the interactiop at the interface are in phase with the incident wave . Wi~h angles of incidence greater than the critical angle, imaginary or complex coefficients arise in the governing equations, indicating changes of phase in reflected waves. These conditions imply that the direction of the first motion in waves arriving at the receiver after refraction through the underlying higher velocity medium should be the same as that in the waves following the direct path . This view considerably simplifies the interpretation problem .
25 . The seismic wave incident at the free surface from below, as shown in Figure 10 , produces only reflected waves at the boundary (interaction with the air is neglected) . In general , the amplitude of the motion at the ground surface is greater than that in the deep interior of the medium because of the presence of the reflected waves .
The incident 8h-wave produces only a reflected 8h-wave, which is in phase with the incident wave, and the amplitude of vibration at the surface is exactly twice that in the inter ior of the medium .
26 . Consideration of the partitioning of energy at the interface p a. b. c. Figure 10 . Reflected waves at a free surface due to (a) an incident Pwave, (b) an incident 8v-wave, and (c) an incident 8h-wave 16 between materials suggests that, if the objective of the survey is to investigate layer 2 by means of 8-waves refracted in it, it would be best to use a seismic source that is rich in S-wave energy. Little 8wave energy is induced in layer 2 by an incident P-wave. In addition, an 8h-wave theoretically produces no P-or 8v-wave energy at the interface, so that all of the energy is transmitted as 8h-wave energy .
Moreover, the motion at the receiver will be horizontal and so is easier to distinguish from the P-or R-wave than the vertical motion of an 8 -wave would be. In summary, theory indicates that the best method of v exploring pubsurface strata by means of refracted . shear waves would be to use a shear wave source that produces only 8h-waves and to detect the signal with a horizontally polarized geophone oriented perpendicular to the line from source to geophone.
PART III : SHEAR WAVE SOURCES 27 . Impulsive ener gy sources such as explosives , hammer blows , or falling weights are used almost exclusively for sur face investigations .
In principle , vibratory sources could be used to i nvestigate P-and S-wave velocities , but inter pretation of the records would require comparison of phase r elations between the source and the detector, rather than the simple measur ement of t r avel times , and thus would be more Time of Arrival 36. Of the various wave types that propagate in an elastic medium , the P-wave has the greatest velocity; therefore , if it is present, it is always the first to be detected at any geophone station. It is for this reason that methods of exploration using only the P-wave are so highly favored . Detecting the arrival of the P-wave requires only discriminating between the P-wave arrival a nd the ambient noise , though accomplishing even this can present substantial difficulties under some conditions. The S-wave has the next highest velocity , followed closely by the R-wave.
However , the S-wave arrival may be preceded by , or worse coincide with, one or more refracted or reflected P-wave arrivals. The R-wave velocity , in most cases, differ s from the S-wave velocity by less than about 10 percent (Richart, Hall , and Woods 1970) ; at points near the source, it is usually difficult to distinguish the two .
Direction of Particle Motion
37 . Because the different types of waves have distinctly different directions of particle motion , the dir ections may be used to discriminate between t he waves . The P-wave , if arriving over a direct path from the source , produces particle motions in the radial direction . A P-wave refracted from a subsurfac e interface will produce particle motions somewhere between the radial and vertical directions . Particle motion in the 24 • S -wave is always in the vertical direction, while that in the S -wave v h is horizontal and transverse to the path of wave propagation (perpendicular to the radial) . In the R-wave, particle motion is in a retrograde elliptical path so that both vertical and radial components of motion are present.
38. Using the direction of particle velocity for discrimination of wave types requires directionally sensitive geophones. Complete analysis requires records at each observation point from three orthogonally oriented geophones, and the processing of these records may be tedious.
The same principle is used in the method of survey shown in Figure 12 , in which a single geophone is oriented so that its axis is horizontal and transverse to the line of the survey . . ~ince the Sh-wave is the only one that produces motions in this direction, its identification should offer no difficulty. However, imperfection of alignment of the source or the geophone , or inhomogeneities of the soil , can produce motions in this direction that are actually caused by P-waves. Normally, such P-wave motions should be of relatively small amplitude.
Phase Relations
39. In the context of the present discussion, the use of phase relations reduces to the consideration of the direction of the first motion in the wave of interest . For example, where the seismic energy source is an explosive, the first motion in the P-wave is radially away from the source and the initial wave front is of compressive (as opposed to tensile) phase . Phase reversals may occur in reflected P-waves, depending on the nature of the P-wave velocity contrast at the interface.
A P-wave reflected at a free surface is reversed 1n phase ; that is, an incident P-wave is reflected as a tension wave. On the other hand, a P-wave incident at a rigid boundary is r eflected without change of phase (Richart, Hall, and Woods 1970) . 
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Signal trace fro• geophone T-Impact frOD south end of plank. 46. The 8h-wave data obtained at the Austin site were considered by the field party chief to be unreliable. It was observed that the dry and hard condition of the sunbaked surface soil led to poor coupling between the plank and the soil. Also, there was heavy traffic noise from the nearby (600 to 800 ft) Interstate Highway 35 .
47 . The same survey technique was applied at a second site, located in a quarry at Redwood, Miss. The quarry, now inactive, had been 31 ~sed as a source of limestone for the production of portland cement .
A photograph of one side of the 1uarry 1s shown in Figure 17 . An essentially horizontal limestone ledge 1s well exposed and the soil overburden has been stripped back so that , at the location of the photograph , a bench about 100 ft wide is accessible . Farther back from the quarry is an over burden of marly shale so highly weathered that it can be regarded as a residual soil.
48 . The P-and S-wave velocities of the limestone shelf were measured along a 30-ft -long seismic line laid out directly on the shelf .
The time-distance plot for these surveys is shown in Figure 18 . P-and S-wave velocities of 6010 and 2720 ft/sec are indicated .
. A seismic refraction line 140 ft long was laid out on the soil
surface about 100 ft back from the exposed shelf . A P-wave survey was run using a conventional sledgehammer energy source, and an Sh-wave survey was run using a plank (actually a short section of railroad tie) 52. It was noted again at the Redwood site, during the 8-wave survey on the limestone shelf , that the coupling between the plank and the hard limestone surface was not entirely satisfactory , although adequate 8-wave signals were received out to a distance of 30 ft. This problem did not occur on the soil overburden . It was observed that precisely repeatable wave forms could not be obtained with the hand-held hammer since the force and direction of the blow, as well as the nature of the impact (angle of incidence between the hammer head and the end surface of the plank, rebound , secondary impacts , and effects of wear and unevenness of the surface of the plank) could not be precisely controlled.
A~ additional , and unexpected , problem was that there appeared to be a slight dii'ference in the response time of the geophone depending on the direction of first motion. However, measures to overcome these problems (anchoring of the source, mechanization of the hammer impact, improved control of geophone characteristics) would appear to be easily achievable refinements of the technique .
53 . An additional example of 8h-wave refraction data is shown in of the foundation conditions is given by Marcuson and Golden (in preparation) .
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PART VI: CONCLUSIONS 55 . The studies described in this report show that it is feasible to use refracted shear waves for the investigation of subsurface strata, at least to limited depths and under favorable conditions . A refraction survey made in the course of this investigation produced good S-wave data from a depth of 16 ft at a site where there was a strong velocity contrast between the bedrock at that depth and the overburden soil . So far in these studies , records of refracted S-waves clearly showing more than one subsurface layer interface have not been obtained. The most serious limitation in the present state of the art appears to be that currently available S-wave sources are severely limited in the strength of the S-wave signal they can apply. The effect of this limitation is to impose limits on the length of the line over which a signal can be detected and therefore on the effective depth of investigation .
Theoretical considerations as well as experience indicate that
Sh-waves are the best type of signal to use inS-wave surface refraction surveys . The ph-wave is easier to distinguish from the P-wave than is the S -wave. v Also, there is less energy lost through conversion to P-waves at interfaces between layers. Where anisotropy of S-wave velocity is of concern, separate measurements of Sh-and Sv-wave velocities should be made. Surface traction applied through hammer blows against a plank has proved to be a good source of Sh-wave energy .
57. The use of phase reversal in the Sh-wave with reversal of the impulse direction in the source is a valuable aid in improving discrimination between the Sh-and P-waves. This may be done by superimposing and comparing signals obtained with reversed directions of impulse in the source or with the aid of a signal enhancement seismograph with alternating reversal of both source motion and geophone polarity in order to enhance the Sh-wave and suppress both P-wave and noise components. However , these methods depend on the reversibility and repeatability of the Sh-wave signal . The Sh-wave source in most common use at the present time--the plank subjected to hammer impacts at the ends-is not entirely satisfactory with respect to its repeatability . It 4o would be desirable to develop a modification of the plank source that would provide better control of the energy content and repeatability of the input as well as the coupling between the source and the ground surface, while maintaining easy portability of equipment.
58. Where S-wave surveys are performed, they should be done in conjunction with P-wave surveys. The availability and use of P-wave travel time data greatly improve the interpretability of the S-wave data, assessment of the reliability of the data, and confidence in the interpretation.
41

